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Abstract

The present survey briefly presents the-state-of-the-art in
microelectronics, invokes physical considerations in estimating the intrinsic
limits of present microelectronic devices, and highlights the future trends in the
perspectives of the incoming nanoscale technologies. In order to design artificial
systems with molecular precision, molecular brand new engineering methods
must be developed, that is, to hold, position, and assemble nanoscale parts in
compliance with the laws of physics. In the framework of the nanoscale
technologies, the thermodynamically reversible single electron switching
systems are considered as ultimate evolutionary end point of electronic logic
devices built up at molecular level.



1. Introduction

A remarkable talk entitled "There's plenty of room at the bottom" given by Feynman
[1960] pointed out microtechnology as a frontier to be pushed back, like the frontiers of high
pressure, low temperature, or high vacuum. He suggested that ordinary machines could build
smaller machines that could build still smaller machines, working step by step down towards the
molecular level; he also suggested using particle beams to define 2D patterns. Nowadays,
microtechnology (i.e., exemplified by semiconductor integrated circuits) has realized some of the
potential outlined by Feynman by following the same basic approach: working down from the
macroscopic level to the microscopic.

Present microtechnology handles statistical populations of atoms. As the devices shrink,
the atomic graininess of matter creates irregularities and imperfections, so long as atoms are
handled in bulk, rather than individually. Indeed, such miniaturization of bulk processes seems
unable to reach the ultimate level of microtechnology - the structuring of matter to complex
atomic specifications.

The incoming nanotechnology is supporting the ability to arrange atomic and molecular
structures in a large variety of configurations. Quite loosely, the notion of nanotechnology is
encompassing various research domains where the characteristic dimensions are less than about

10s nanometers. Whatever the range might be, nanotechnology should nevertheless let us:

(a) Position every atom and molecule in a precise place;

(b) Build any structure scaled down to molecular level consistent with the laws of physics;

(c) Have low manufacturing costs.

Therefore, what we need is some form of positional assembly (to get the right molecular
parts in the right places) and some form of self replication or self assembly (to keep the costs
down by replication of various functional blocks). The need for positional assembly implies an
interest in molecular robotics, e.g., robotic devices that are molecular both in their size and
precision. The requirement for low cost creates an interest in self replicating manufacturing
systems, which are able both to make copies of themselves and to manufacture useful products
[Merkle 1993]. If we were able to design and build one such system, the manufacturing costs for
more systems alike and the products they make would be reduced to raw material and energy
costs, which would make it extremely attractive.

Merkle [1999] has examined the utility of introducing robot-like positional control into
the field of synthetic chemistry to achieve molecular engineering with the benefit of producing a
large variety of artificial systems capable of synthesizing, among other things, copies of
themselves. The problem of putting together a self-contained system from a cruder level of
sophistication by hooking up a number of more primitive parts is often encountered in computer
science, and is termed "boot-strapping" [Krummenacker 1994]. It has been shown by Drexler
[1992] that once a primitive assembler, which achieves positional control to atomic precision
was constructed, migration pathways could be found that lead to diamondoid machinery through
a few generations of increasingly sophisticated assemblers. However, a primitive polymer-based
assembler is still a large molecular aggregate by most of today's standards, with linear
dimensions on the order of 100 nm, somewhat larger than a ribosome. Novel methods are
required, such as convergent synthesis and convergent self-assembly to construct a properly
functioning molecular aggregate this large.

New techniques for patterning and engineering materials at the nanometer-scale using
scanning-probe microscopes (SPM) are beginning to make possible the long-standing goal of
nanometer-scale mechanical band electronic devices. Examples like the direct writing of
nanometer-scale metallic lines by field-evaporation from a SPM-tip, lithographic processes that



take advantage of the nanometer-scale resolution of electrons emitted from SPM-tips, and
nanomachining of surfaces via mechanical forces have all been demonstrated [Brenner et al.
1993]. Despite these advances, however, challenges remain to the development and especially
manufacturing of nanometer-scale structures. Among these is overcoming the inherently slow
throughput for single tips, routine reproducible production of high-quality nanometer-scale
structures, and the positioning of nanometer-to-macroscopic-scale interfaces.

Today, the great diversity of proposals, ideas, and experimental capabilities makes it very
difficult, if not impossible, to predict exactly how we shall proceed towards the more general
goals of nanotechnology.

2. Molecular Machine Systems

If an object has moving parts and does useful work, we call it a machine. If something is
nanometers in scale and has a precise arrangement of bonded atoms, we call it a molecule, or a
molecular assembly. If something matches both these requirements, we can properly call it a
molecular machine; if it comprises many parts, each worthy of the name "machine", it may be
even better described as molecular machine system [Drexler 1999].

Compared to conventional technologies, many natural molecular machines systems
display by far more engineering abilities. The molecular machinery found in living systems
demonstrates the feasibility of doing advanced molecular engineering to produce complex,
artificial molecular machines. In the cell, molecular machinery uses DNA to direct the assembly
of DNA and other molecules. In some eukaryotic cells, DNA directs DNA synthesis with an

error rate of ~ 10~n per nucleotide added. As engineers commonly design systems to function
reliably with many more failed components than 1 in 10n, then such an error rate seems no
barrier to the construction of quite complex devices. By use of computer-assisted optimized
modeling, the emerging technologies are likely to enable the efficient fabrication of diverse
macromolecular objects comparable in function to proteins [Mutihac et al. 2000].

Human body has trillions of cells, each containing a human genome and a set of
molecular machines able to read and copy it in a matter of hours. These DNA readers transfer
genetic information to other molecules, rather than to a conventional database, but this reflects
evolutionary, not physical constraints. Many techniques (i.e., optical, mechanical, electrical) are
presently sensitive to changes in single molecules. Thus, an early product of a molecular
machine technology could be a DNA reader, using arrays of devices comparable to a bacterial
DNA polymerase in size {~6 nm) and throughput (= iObase/s), but bound to a solid surface and
interfaced to microelectronics. At the current cost advanced VLSI circuits, even molecular
complexes laboriously nudged together and monitored using scanning probe systems could prove
economical [Drexler 1981].



Table 1 Comparison of macroscopic and microscopic components.

1 Technology

I Struts, beams, casings
! _ _ J
IjCables

Fasteners, glue

|l Solenoids, actuators

;jMotors J

li Drive shafts

i| Bearings |

| Containers

; Pipes

Pumps

Conveyor belts j

Clamps

Tools

Production lines

[Numerical control systems

Function

Transmit force, hold
positions

Transmit tension

Connect parts

Move things

Turn shafts |

Transmit torque

Support moving parts

Hold fluids

Carry fluids

, .
Molecular example(s) j

Microtubules, cellulose, mineral i
structures

Collagen |

Intermolecular forces j

Conformation-changing proteins,
actin/myosin

Flagellar motor I

Bacterial flagella

Sigma bonds |

Vesicles

Various tubular structures

Move fluids JFlagella, membrane proteins

Move components I

Hold workpieces |

Modify workpieces |

Construct devices j

Store and read programs

RNA moved by fixed ribosome •
(partial analog)

Enzymatic binding sites

Metallic complexes, functional
groups 1

Enzyme systems, ribosomes \

Genetic system :

A comparison of biochemical to macroscopic components is relevant in the sense of
showing the possibilities of the former by analogy to the latter (Table 1). With structural
members, moving parts, bearings, and motive power, versatile mechanical systems can be built.
Molecular assemblages of atoms can act as solid objects, occupying space and holding a definite
shape. Thus, they can act as structural members and moving parts. Sigma bonds that have low

steric hindrance can serve as rotary bearings able to support ~ 70""9N. A line of sigma bonds can
serve as a hinge. Conformation-changing proteins (such as myosin) can serve as sources of
motive power for linear motion; the reversible motor of the bacterial flagellum can serve as a
source of motive power for rotary motion. The existence of this range of components in nature
indicates that power-driven mechanical systems can be constructed on a molecular scale [Drexler
1981].

By analogy with macroscopic devices, feasible molecular machines presumably include
manipulators able to wield a variety of tools. Thermal vibrations in typical structures are a
modest fraction of interatomic distances; thus, such tools can be positioned with atomic
precision. As present microtechnology can lay down conductors on a molecular scale {10 nm)
and molecular devices can respond to electric potentials (through conformation changes, etc.),
such devices can be controlled by human operators or macroscopic machines. Further, by
analogy with biological sensors, molecular scale instruments can evidently produce macroscopic
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signals, indicating the feasibility of feedback control in molecular manipulations. These basic
arguments indicate the feasibility of devices able to move molecular objects, position them with
atomic precision, apply forces to them to effect a change, and inspect them to verify that the
change has indeed been accomplished.

Ideally, a sequence-builder would comprise a set of self-assembling molecules of the sort
that it itself can build. External signals can drive complex sequences of actions in simple
nanoscale systems, allowing them to place monomers in patterns that form systems that are
larger and more intricate. The interactions among small molecular parts are as simple as the
interactions among transistors, but microprocessors show that patterns of simple interactions can
enable microscopic systems to perform complex, programmable behaviors. It will presumably be
likewise with molecular machine systems.

3. Molecular Computing Devices

There is already interest in molecular logic devices and that interest will increase sharply
as improvements in conventional technologies will become prohibitively more costly. Storing
one bit in a few atoms no longer seems outlandish, and molecular switches will soon replace the
bulky devices made today using optical lithography. In a more advanced theoretical approach,
bits could be represented by protons, bound electrons, reactive groups, or conformation changes
and transferred by movement of protons or of well-localized electrons, excitons, or phonons.

Basically, trends in computer hardware are leading towards higher density and lower

energy dissipation. Packing densities are expected in excess of 1017 logic devices in a cubic
centimeter [Drexler 1992]. Higher packing density strongly influences energy dissipation.
Conventional devices must dissipate more than ln2xkT joules in switching; so that 1017

conventional devices operating at room temperature (ln2xkT~3x!0~21 joules for T = 300K)
at a frequency of 10 GHz would dissipate 3xi06watts; a computer with 1,000 times as many

logic elements would still be of reasonable size but would dissipate 3xlO9 watts.
For the time being, common electronic devices perform poorer. An idealized device that

used a ivolt power supply and dissipatively discharged a single electron to ground during a
switching operation would dissipate one electron volt per switching operation. At T = 300K,

this is 40xkT per switching operation or about 16xlO7 watts for a computer with 1017 logic
elements operating at 10 GHz. If each switching operation involves hundreds of electrons then
energy dissipation enters the multigigawatt range.

4. Features of Nanoelectronic Devices

If the exponential trends of recent decades continue, energy dissipation per logic
operation will reach kT (for T = 300 K) during the near future. Either energy dissipation per

logic operation will be reduced significantly below 3xlO~ J, or we will fail to achieve
computers that simultaneously combine high packing densities with GHz or higher speeds of

operation. There are only two ways that energy dissipation can be reduced below 3xlO~21J: by
operating at temperatures below room temperature (thus reducing kT), or by using
thermodynamically reversible logic. Low temperature operation doesn't actually reduce total
energy dissipation, it just shifts it from computation to refrigeration [Halliday and Resnick
1988]. Thermodynamically reversible logic elements, in contrast, can reduce total energy
dissipation per logic operation to « kT [Landauer 1988].

New thermodynamically reversible circuits (i.e., nMOS, CMOS, and CCD-based logic
circuits) still have dissipative losses caused by the resistance of the circuit [Younis and Knight



1993, Koller and Athas 1992]. While resistance in sufficiently small wires can be very low
[Sakaki 1980], if such wires are connected to each other, to logic elements or to larger structures

it is common to find resistances of the order of 13KQ (half of h/e2 , where h is Planck's
constant). No claim is made that the successful operation of such circuits must fundamentally
require resistances of this magnitude, it is just that shrinking current circuits to a small scale
would result in such resistances. Assuming that 100 electrons were required to charge and
discharge the wires and capacitive loads in each logic element, and assuming a resistance of

approximately 13KQ, we would still find our 1017 gate computer dissipating tens of megawatts
even using these particular thermodynamically reversible methods.

The range of plausible device speeds is suggested by the 10~6 s turnover time for a fast

enzyme, by the 1013 s scale of collisional interactions, and by the 10~16 s taken for an electron to
cross an interatomic distance at a typical Fermi velocity [Merkle 1993]. It seems very likely that

Q

a cubic cell 100 nanometers on a side (containing some 10 optimally arranged atoms) may hold
a bit or perform a logic operation and, at the same time, transmit bits through itself to provide
communication from cell to cell in a lattice. If so, then computers can be built with at least 1015

active elements per cubic centimeter. In a well-designed computer (with elements closer to their
true technological limit and not laid out in regular cubical cells), this volume estimate should
prove quite conservative. Elements so small will be sensitive to the environment, so that will
require a large measure of redundancy. Concern might be raised about the cost of such intricately
patterned matter, either because of labor or energy requirements. It seems clear, however, that
molecular-scale production systems can be completely automated. Thus, labor costs of
production (including production of additional production equipment) can approach zero. The
energy needed to produce molecularly engineered material will generally be greater than the
energy needed to produce ordinary materials of similar bulk composition, but analogy suggests
that the energy cost need not be vastly greater than for the production of biological materials.

One may note that 10"2'J dissipated times 10~10 s switching time is 10~37]-s, a value,

which is significantly below Planck's constant h = 6.626xl0~34 J-s. This is however not a violation
of any fundamental principles. If, instead of the energy dissipated, we consider the magnitude of the
change in the switching Hamiltonian AH over the course of a switching operation then we can
produce an energy-time product that does have significance in the context of the current proposal.

The approximate value of AH is 10~20J; multiplied by the switching time this gives 10~30J-s,
which is larger than Planck's constant by over three orders of magnitude. This gap suggests that
faster switching should be feasible before any fundamental limits are encountered.

5. Reversible Architectures and Logic Proposals

Helical logic is a theoretical proposal for a future computing technology using the
presence or absence of individual electrons (or holes) to encode 1's and O's [Merkle and Drexler
1996]. The electrons are constrained to move along helical paths, driven by a rotating electric
field in which the entire circuit is immersed (Fig. 1). The electric field remains roughly
orthogonal to the major axis of the helix and confines each charge carrier to a fraction of a turn
of a single helical loop. Each loop could in principle hold an independent carrier, permitting high
information density. One computationally universal logic operation involves two helices, one of
which splits into two "descendant" helices. At the point of divergence, differences in the
electrostatic potential resulting from the presence or absence of a carrier in the adjacent helix
controls the direction taken by a carrier in the splitting helix. The reverse of this sequence can be
used to merge two initially distinct helical paths into a single outgoing helical path without
forcing a dissipative transition. Because these operations are both logically and
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thermodynamically reversible, energy dissipation can be reduced to extremely low levels.
This is the first proposal [Merkle 1993] that combines thermodynamic reversibility with

the use of single charge carriers. It is important to note that this proposal permits a single
electron to switch another single electron, and does not require that many electrons be used to
switch one electron. The energy dissipated per logic operation can likely be reduced to less than

10~27] at a temperature of IK and a speed of 10 GHz, though further analysis is required to
confirm this. Irreversible operations, when required, can be easily implemented and should have
a dissipation approaching the fundamental limit of In 2xkT.

Eiectric Field

Electron

Figure 1
An electron carried along a helical path by a
rotating electric field. If we were to examine the
potential at any point along the helical path we
would find that it varied in a sinusoidal fashion
much as the potential varies along a straight path
under the influence of a moving periodic potential.
The use of a periodic moving potential with straight
paths and the use of a simple rotating electric field
with helical paths produce very similar results. In
either case, the electron is moved along the path.

One concern about this approach is the need to use reversible computer architectures.
Such architectures are nevertheless entirely feasible [Landauer 1988, Hall 1992, Younis and
Knight 1993]. Bennett [1989] proposed very general methods for converting arbitrary
irreversible computations into time and space efficient reversible computations.

In the billiard ball logic [Fredkin and Toffoli 1982], a set of billiard balls are fired into a
set of immovable reflectors at a fixed speed. As the billiard balls bounce off each other and off
the reflectors, they perform a reversible computation. Provided that the collisions between the
billiard balls and between the billiard balls and the reflectors are perfectly elastic, the
computation can proceed at a fixed finite speed with no energy loss (Fig. 2).

As originally proposed, this "ballistic" model of computation suffers from the
shortcoming that the positions of the reflectors and the initial velocity of the billiard balls must
be perfectly accurate. In the real world, the computation would rapidly deteriorate into chaos
unless some restoring force maintained the alignment of the billiard balls. Landauer [1981]
suggested that the billiard balls should remain in the trough of a moving periodic potential (as
illustrated in Fig. 3).

Figure 2

Implementation of a Fredkin
gate from single switch gates.

Left Implementation of a Fredkin gate ton
single switch gates

RigW

Symbol for single switch gate



While the abstract concept of billiard ball logic has been known for some time, the idea
of implementing this approach by replacing the billiard balls with charged particles is due to
Merkle [1993]. In his approach, the billiard ball is replaced with a single electron. While other
charged particles or charged packets of particles can be used, the single electron implementation
was preferred because of the obvious long term performance advantages.

Figure 3

Billiard ball being carried along
by a moving potential

Periodic moving potential

The concept that future electronic devices might use single electrons is becoming more
and more accepted [Likharev and Claeson 1992, Washburn 1992, Grabert and Devoret 1992].
Merkle's model is the first description of a thermodynamically reversible switching device using
single electrons. Single electrons are both switched and employed to control the switching,
unlike many proposals, which require many electrons to switch a single electron. It is plausible
that thermodynamically reversible single electron switching devices will be the ultimate
evolutionary end point of electronic logic devices.

6. A New Generation of Computers

The picture of computing that emerges from the thermodynamically reversible single
electron switching model is quite simple: a solid block of material that is intricately designed at
the molecular level and placed into a cavity resonator, which has a frequency of several
gigahertz. The resonator and the block of material are kept at low temperature, say IK, in order
to achieve high reliability while switching single electrons. Fiber optic connections allow the
block to communicate with the outside world. Photons generated outside the cavity resonator by
conventional electronics are carried into the block via fiber optics to create electron hole pairs,
which then enter into computations within the block. By combining electrons with holes, photons
can be generated within the block, which are then carried out of the cavity resonator by fiber
optics and detected by conventional electronics. The cavity resonator has a high quality factor Q,
and the computations within the block of material produce relatively little additional energy loss.
A significant source of energy loss in this particular proposal is in the I/O, which is quite
dissipative. If the number of I/O operations is relatively small compared with the number of total
logic operations performed or if some method of I/O can be found which dissipates much less
energy then the total energy dissipation per logic operation can be made remarkably small
[Merkle 1993].

Projections of current trends in energy dissipation per gate operation [Landauer 1988]
suggest that the kT "barrier" will become significant within a few decades. This barrier can be
overcome by using reversible logic. Further, the trend towards decreasing device size and
increasing device precision will likely result in atomically precise logic elements that employ
single electrons, single holes, or both to carry the O's and i's of a computation. Helical logic is
the first proposed member of the class of single electron thermodynamically reversible
atomically precise logic devices. Members of this class might mark the ultimate evolution of
electronic devices. Helical logic also avoids many of the problems of conventional clock
distribution. The energetic costs of charging and discharging clock lines might otherwise become



a significant source of energy dissipation in future computing devices. A preliminary analysis

suggests that the energy dissipation of helical logic can be reduced below 10~2' J per logic
operation at a switching speed of 10 GHz and an operating temperature of IK. Further
reductions in energy dissipation might be feasible if double helical logic is used.

The estimates of dielectric loss and radiative loss were both well below 10~27 J, but had
significant uncertainties that require further examination. Further research to develop the highly
precise manufacturing technologies needed to economically fabricate this (and other) proposed
computing technologies is imperative. Further investigation of single electron,
thermodynamically reversible, atomically precise logic devices seems very likely in the near
future and may eventually come out with a new conceptually different class of nanoelectronic
devices.

7. Conclusions

Protein synthesis is currently one of our most powerful routes towards construction of
atomically precise 3D structures. It provides a rich design space, both functionally and
geometrically. Design of protein molecules will lead to the fabrication of devices with complex
atomic specifications, overcoming the actual difficulties facing conventional microtechnologies.
This path will involve construction of molecular machinery able to position reactive groups to
atomic precision with strong impact on information technology and the design of molecular
computational devices [Mutihac et al. 2001].

Designing molecular machines using positional assembly requires two things: positional
devices to do the assembly, and parts to assemble. Molecular building blocks, made from tens to
tens of thousands of atoms, provide a rich set of possibilities for parts. Nanotechnology will
enable us to snap together the fundamental building blocks of nature easily, inexpensively and in
almost any arrangement that we desire. Long-range promise should tend to increase interest in
undertaking the early steps, even beyond the interest springing from more immediate benefits.
The longer the expected wait, however, the less the interest.

Molecular engineering of materials and devices can extend the capabilities of technology
many fold in many and various areas. The implications of the feasibility of molecular technology
are important to present day speculations, such as the probable behavior of extraterrestrial
technological civilizations. Similarly, those concerned with the long-range future of humanity must
concern themselves with the opportunities and dangers arising from this technology as well.
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